This paper discusses a novel design for a rotary di erential NiTi shape memory alloy actuator, which incorporates a mobile heat sink. The new mechanism is described in detail, and its performance in a position control system is compared with that of the same actuator without heat sink. Experimental results are presented which show an improvement in actuator response time, as well as closed-loop bandwidth. The design of the mechanism gives enhanced performance, without the increased power consumption associated with xed heat sinks. Rotary di erential shape memory alloy actuators have been considered for a number of robotics applications. One of their chief drawbacks is their relatively slow operating speed and the actuator mechanism described in this paper goes some way towards addressing this problem.
Introduction
Actuators based on shape memory alloy (SMA) are becoming increasingly popular, due to their characteristics of high power to weight ratio and smooth, silent operation. These properties make them ideal for use in robotics. Unfortunately, relatively slow speed of operation has so far limited potential applications.
This section gives a brief description of the shape memory e ect, mostly adapted from the text, Engineering aspects of shape memory alloys
The Shape Memory E ect
NiTi shape memory alloy was rst made at the United States Naval Ordinance Laboratory 2 . Its high strength, thermal characteristics, and ability to recover large strains have made it very popular for actuator applications.
The shape memory e ect in NiTi is due to the presence of two distinct, temperaturedependent crystalline phases within the alloy. At low temperatures, the alloy is in the martensite phase, while at higher temperatures, the structure changes to austenite. Due to a di erence in molecular lattice structure, martensite is typically characterized by a much lower Young's modulus than austenite, and is therefore more elastic. The stress-strain curves for the austenite and martensite phases are shown in Figure 1 . A wire, which is subject to a stress of 1 , is capable of signi cant strain-recovery during the transformation from martensite to austenite induced by heating. Using this property, an SMA wire can be made to do work on a load as it is heated. 
Robotics Applications of SMA Actuators
The last 5-10 years has seen an increase in the use of shape memory alloys as robot actuators, with most research originating in Japan 3, 4, 5, 6 . One of the most common con gurations for an SMA-actuated rotary joint is shown in Figure 2 . Counter-clockwise motion is achieved by applying current to the top wire, causing its temperature to increase. This induces a phase change from martensite to austenite, and the resulting wire contraction. Motion in the opposite direction is produced by heating the lower wire. Note that the contraction of one wire is not completely independent of the temperature of the other, since the inactive wire strongly resists deforming forces until cooled. This signi cantly reduces the rate of operation of the joint, since cooling by convection and radiation to the ambient environment can be quite slow.
Examples of the use of this actuator mechanism in robotics-type applications include the inverted pendulum described by Hashimoto et al. 7 , and an inter-phalangeal actuator for robotic ngers, reported by Bergamasco et al. 8 . A similar mechanism, which replaces one of the active wires with a bias spring, has also been applied to a walking biped robot 7 , and a robotic hand 4 .
Performance-Enhancing Strategies
The frequency performance of SMA actuators is constrained by two factors. Speed of contraction is a ected by limits placed on heating current in order to protect the wire. Relaxation speed is severely restricted by the rate of cooling.
A number of strategies have been investigated in the past, in an attempt to reduce the cooling time, and thus achieve shorter cycle times. Of the \static" cooling methods, water immersion, heat sinking and forced air cooling are the most common. Experiments have been performed to compare the e ect of di erent cooling techniques 7 . Water immersion and xed heat sinking were seen to yield the most promising results.
While these measures do provide improved speed, a large increase in power consumption results from having to heat the cooling medium, as well as the wire. Furuya and Shimada 6 report on the construction of an underwater crab-like vehicle. Although underwater operation was able to provide a ten-fold decrease in joint cycle time, power consumption was increased twenty times! In other work 8 , a constant ow of distilled water was used to cool the SMA coils used as actuators for a robotic phalange. A -3dB cuto frequency of approximately 1.5Hz was achieved, but the authors neglect to discuss the associated power consumption. For their biped robot, Hashimoto et al. 7 embedded 1mm diameter SMA wires inside the metal limbs, in order that they act as massive heat sinks (5cm Current limiting also contributes to reduced operating speed, by limiting the rate of contraction. In an e ort to prevent the wire from overheating and melting, a constant current limit is sometimes imposed 9, 10 , which may be quite conservative. In doing so, the wire is deprived of higher transient currents, which it may in fact be able to withstand. Due to the nature of the shape memory e ect, these higher initial currents can produce a much faster response, and provide greater range of motion.
Kuribayashi 10 forgoes this current limiting in exchange for direct measurement of the wire temperature, using a Cu-Constantan thermocouple. Initially, when the wire is cool, very high currents are applied, heating the wire very quickly and providing rapid motion. In addition to this innovation, Kuribayashi increases the cooling rate by using several wires in parallel, and placing the entire experiment in a forced-air environment. A maximum stable frequency response of 0.4Hz is observed.
Experimental Apparatus
Here, a novel actuator construction is proposed, using a mobile heat sink. It is expected that eventually, most of the performance improvement achieved with static heat sinks can be derived, without the increase in power consumption that such methods normally require.
While current limiting is still used in this study, Kuribayashi's temperature sensing technique could easily be applied to the actuator presented here, allowing further improvement in performance.
Actuator Mechanism
The actuator con guration is of the two-wire di erential type, as illustrated in Figure 2 . Mechanical details of the prototype actuator are shown in Figure 3 (electrical connections are omitted). The mid-point of a length of SMA wire is anchored at the centre of the 6mm shaft by a set screw. This shaft is equipped with a 2000 count/revolution optical encoder, giving an angular resolution of 0.18 degrees, or less than 10 m change in length of the SMA wire. A total of 35cm of 0.3mm NiTi wire is used to provide two 15cm lengths of active wire. The wires have a common electrical connection at the shaft, and the two \free" ends have electrical lugs crimped over a knot tied in the wire. The lugs provide an electrical connection to the ends of the SMA wire, and also allow the wire ends to be secured to a terminal block. This terminal block is mobile, and can be positioned by means of a screw. The screw is adjusted to give 3% pre-strain in the SMA wire, placing it approximately in the middle of the martensite stress plateau.
In order to remove the e ect of the heat sink for comparative experiments, provision was made for clamping it in a central position, out of contact with either SMA wire. Two screws, mounted on the xed block, allow the heat sink to be immobilized from the sides. In early experiments, insulating material was inserted between heat sink and SMA wires to keep the heat sink central. However, this proved unsatisfactory since it increased the tension in the wires. A photograph of the actuator is shown in Figure 4 .
The major innovation in this apparatus is the friction clutch mechanism, which links the output shaft to the heat sink. Its operation is shown conceptually in Figure 5 . Shape memory alloy wire is fastened to the actuator hub and the two ends are anchored at a distance, to hold the wire in tension. A heat sink is connected to the hub via a friction clutch pad made of felt. Initially, both wires are at room temperature, and are the same length ( Figure 5A ). As the top wire is heated, it contracts, causing the actuator to move counter-clockwise. The friction clutch drags the heat sink along with the actuator hub, until the heat sink contacts the lower wire ( Figure 5B ). As the upper wire is further heated, the actuator continues to rotate but the friction clutch slips, permitting the heat sink to remain in contact with the lower SMA wire. The heat sink cools the lower wire, allowing it to be more easily stretched ( Figure 5C ). In the prototype actuator, an angular rotation of 3.5 degrees is required to move the heat sink from one SMA wire to the other.
As soon as heating of a wire ceases, the force exerted by that wire decreases, and it begins to stretch. This causes the heat sink to move away from the opposite wire. Even during repetitive motion, wires are never heated while in contact with the heat sink. As a result, power consumption should be much lower than that of a xed heat sink setup. The trade-o involved is a slight decrease in output torque, corresponding to the torque required to make the felt clutch slip.
Actuator Control Circuit
A block diagram of the position control system is shown in Figure 6 . Position data is fed from the optical encoder to a PC-486/50MHz computer, which carries out control calculations based on a target position. The control signal is current, with the sign of the error determining the sign of the current. Output current is made to saturate at 1.8 Amps, in order to protect the SMA wire. Current drive is provided by a voltage-controlled current ampli er, with a transconductance of 1 Amp/Volt. Two series diodes route current to the appropriate SMA wire. ; with a sample time of T = 100ms. In initial trials, it was evident that cooling was more e cient on one wire than the other. This was found to be due to slight imperfections in the planarity of one side of the heat sink. To alleviate this problem, a coating of Therolink z heat sink compound was used to ensure better thermal contact between wire and heat sink.
Due to the incremental nature of the optical encoder, absolute position information is lost when the actuator is powered down. Because of mechanical hysteresis in the SMA wire, it is unlikely that the actuator will come to rest in the middle of its range of motion. Thus, when the system is reinitialized, the encoder zero may not correspond to the actual centre position of the actuator, and the wires will be at di erent levels of pre-strain. Asymmetric open loop results will be obtained, with the longer wire achieving greater contraction. In a closed-loop experiment, results will again be asymmetric, since the wires will be operating in di erent ranges of strain. To re-establish the correct zero position for the optical encoder, the SMA wires must be annealed to bring the actuator to the centre of its range.
In order to accomplish this, before each experiment the wires were subject to the linearlydecaying alternating current shown in Figure 7 . The wire begins initialization in the position at which is was previously shut o , which the incremental encoder now reads as zero. Although more power is transferred to the positive wire, in this particular example the nal position is negative. This shows that the initial position was, in fact, positive with respect the actuator's centre point. This initialization process is important for obtaining consistent, symmetric, and repeatable results. In an industrial robot, the use of absolute encoders, or some external calibration mechanism, would avoid this problem. 
Open Loop Results
Two sets of open loop experiments were carried out, one with the heat sink immobilized, and the second with the active heat sink. First, the actuator was subjected to a 0.02Hz square wave of 1 Amp. The low frequency of the input gave time for the actuator to reach a steady state value, allowing investigation of the e ect of the heat sink on system rise time. In this work, rise time is de ned as the time taken for the output to go from 10% to 90% of its total movement, starting from its initial value.
The results of the rise time experiment can be seen in Figure 8 . During the rst halfcycle of the two curves, identical behaviour would be expected, since in both cases the wire being stretched is at room temperature. While the initial slope of the dashed curve is identical to that of the solid line, the nal values di er by 2.1 degrees. This di erence can likely be attributed to the 3.5 degrees of extra mobility, allowed by the motion of the heat sink when it is unconstrained. The input signal for the second set of data was a 0.16Hz, 1 Amp square wave. This operating speed could be useful in a slow pick-and-place robot, or a robotic gripper. The extent of actuator motion in any half-cycle is determined in part by how much the inactive wire can be stretched. This amount of stretching will depend on the percentage martensite in the alloy, which will in turn relate to the temperature of the alloy. As the wire cools down, more martensite will be present, and increased motion will be observed.
Corresponding results are shown in Figure 9 . Without the heat sink in place, the wire does not cool fast enough to allow a signi cant percentage of martensite to form. The cooling wire cannot be stretched, and the amplitude su ers as a result. With the addition of the heat sink, cooling is greatly improved, nearly doubling the range of repetitive motion.
The presence of the heat sink introduces an asymmetry in the response. This is attributable to sticking caused by the Therolink coating of the heat sink, which is a viscous paste.
Closed Loop Results
Here, the actuator is required to track a 0.16Hz, 0:6mm square wave input, corresponding to approximately 23 degrees of endpoint motion. As in the open-loop case, two separate trials were carried out: once with the heat sink immobilized, and again with it free to move.
The results are shown in Figure 10 . The controller manages to eliminate some, but not all, of the asymmetry in the cooled response. Again, this asymmetry is due to the use of Therolink to ensure adequate heat transfer, in turn made necessary by manufacturing defects in the heat sink. Were the heat sink planar on both sides, it is expected that these problems would not occur. With the heat sink active, the response tracks the target waveform very well. If the heat sink is removed, the controller rapidly saturates the current, in an e ort to meet the target. This causes the overall temperature of the wire to increase, reducing its dynamic range. The controller output current can be seen in Figure 11 . The current pro le for the active heat sink is fairly stable, implying that the actuator would have no problem maintaining this frequency of motion. In an e ort to quantify the increase in speed made possible by the introduction of the mobile heat sink, the bandwidth of the closed loop system was measured, as it attempted to track a 0:6mm square wave target. The results are shown in Figure 12 . Note that, unlike a linear system, the bandwidth is dependent on the input waveform. For this reason, it is di cult to make a meaningful comparison with results quoted by other authors.
For consistency, measurements were taken in the last cycle of a 100 second experiment, at each frequency. The values used were the last position value recorded before the target wave switched sign. In order to compensate for the slightly asymmetrical behaviour, the total change in position was compared to the total change in target, 1.2mm. The improvement in 
Conclusions & Future Work
A novel mobile heat sink mechanism for a rotary SMA actuator has been described, and used to construct a di erential actuator, suitable for use in a robotic joint. Position control experiments were then carried out. The results obtained show a great improvement in speed of operation, as well as range of dynamic motion, over the same actuator con guration without any heat sinking. Due to the nature of the mechanism, this increase in performance has been achieved without the increased power consumption normally associated with heat sinking SMA wires.
In its present form, the prototype actuator only functions in one plane, where the e ect of gravity on the heat sink is entirely supported by the shaft. Operation would be hindered if the mechanism were to be positioned such that gravity opposed, or induced, rotation of the heat sink. To overcome this problem, the heat sink must be counterbalanced in order to function in any orientation.
The concept of the mobile, \intelligent" heat sink is an important one, and is not restricted to the friction clutch idea presented here. Heat sink movement could also be produced by a solonoid, or some other external mechanism. Future research areas include:
investigation of other methods of moving the heat sink development of a temperature control scheme, as an alternative to current limiting comparison of performance and actual power consumption, with that of a xed-heat sink actuator investigation of SMA ribbon to achieve improved surface contact with the heat sink examination of possible super-elastic behaviour within the actuator investigation of counter-balancing mechanisms for the heat sink.
The development of simple, lightweight and compact actuators is an important goal in the eld of robotics, where they have many potential applications. A major obstacle to the use of shape memory alloys in this e ort, has been their speed. This work represents a step towards the day when robots will be able to bene t from all the advantages SMA actuators have to o er, without su ering the disadvantages associated with current actuator designs.
